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FOREWORD .

The present report describes an extended and generalized version of a
radiation transport prediction method. The initial effort was done under
Contract NAS9-6719 for the NASA Manned Spacecraft Center, Structures and
Mechanics Division. This effort included the development of the basic radia-
tion properties and transport models. The equilibrium chemistry capability
was incorporated into the model under the present contract (NAS1-9399) for
the NASA Langley Research Center, Applied Material and Physics Division.
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ADVANCED METHODS FOR CALCULATING
RADIATION TRANSPORT IN
ABLATTION-PRODUCT CONTAMINATED BOUNDARY LAYERS

by William E. Nicolet
Aerotherm Corporation

SECTION 1

INTRODUCTION

The ability to predict radiant energy transport is required in order
to understand the heating phenomena associated with bodies entering planetary
atmospheres at high velocities. The radiation transport is important both as
an energy source in direct thermal contact with the body and indirectly through
the coupling between it and the thermal boundary layer. Quantitative predic-
tions of radiative transport under these conditions require frequency dependent
properties of the radiating species, a frequency dependent transport model and
a method for predicting temperatures and species mole fractions, given the
thermodynamic state conditions. In this study, attention is directed toward
the use of an existing transport model (Ref. 1) and an existing thermodynamic
equilibrium method (Ref. 2) to predict radiative transport phen:mena.

Transport within the C-~H-0-N elemental system is considered. This sys-
tem is representative of boundary layers adjacent to most ablating bodies, and
it also contains the more important radiators of many proposed planetary at-
mospheres. Local thermodynamic equilibrium conditions are calculated for all
conditions (using thermochemical data from Ref. 3). Molecular, atomic and
ionic species are considered with those which appear in the 3000°K to the
15,000%K temperature range (0.1 to 10 atmospheres, pressure range) being given

primary consideration.

The thermodynamic equilibrium methods are given in Section 2, the radia-
tion properties model in Section 3 and the radiation transport model in Section
4. Predictions of radiative heating are given in Section 5 for isothermal and
nonisothermal slabs. These serve to illustrate applications of the method and,
in some cases, allow for comparisons with the predictions of other investigators.



SECTION 2
EQUILIBRIUM CHEMISTRY METHODS

Closed systems in equilibrium are considered. 1In such a system, the
elemental compositions and two thermodynamic state variables are prescribed.
In addition an arxay of candidate species and their thermochemical data are
made available. From this information the equilibrium chemistry calculation
is to obtain the mole fractions (or number densities) of the candidate
species and the remaining state variables. Solutions to some particularly
simple flow field problems, viz. downstream shockwave conditions, are also
to be obtained as part of the equilibrium chemistry calculation.

2.1 THE BASIC CONCEPTS

2.1.1 Equilibrium Equations

Consider K chemical elements, Nk’ introduced into a previously evac-
uated container. In general, these elements will interact to form a number
of chemical species*, Ni (gas phase) and N, (condensed phases). If enough
time has elapsed so that thermodynamic and chemical equilibrium is established,
the thermodynamic state of the system, including the relative amounts of
chemical species present, is completely determined if two independent thermo-
dynamic variables are known**, This condition may be stated mathematically
by examining the governing equations for such a system, and showing that the
number of independent equations is equal to the number of unknown quantities.

Relations expressing the formation of the gaseous chemical species
from the gaseous chemical elements may be written as follows:

k=1 (1)

Similarly, formation of condensed phase species from the gaseous elements

is written:

M~
<
s
o
2
~
¥
2
Py

(2)
k=1

In the above, vki represents the number of atoms of element k in a mole-

cule of species i (gas) or species & (condensed).

*"Chemical species" as used here includes moleciilar, atomic, ionic, and
electron species
** Duhem's Theorem.



If the gas phase species are assumed to individually behave as
thermally perfect gases, then the equilibrium relation corresponding to
reaction (1) is '

Pi.
K v = Kpi(T)
I I p ki
k
k=1
or
K
ln P; - E Vi 1n P, =1n Kpi(T)
k=1
(3)
where Pk denotes partial pressures and Kpi(T) is the equilibrium con-

stant for the formation reaction (1) of species Ni. For each candidate
condensed phase species

<
Vig 1n Pk = 1n Kpl(T)

WM
n =
fut

(4)

where

= indicates the existance of the condensed phase
species N, in equilibrium with gas phase species, and

< indicates that the condensed phase species N, will

not be present in equilibrium %

For each chemical element introduced into the system, the conserva-
tion of atoms dictates that the amount of any element k in the gas and
condensed phases (regardless of molecular configuration) must sum to the
total amount of element k in the system. Mathematically, this may be
written, for each element k, as

Mass fraction n L R

of element k _ k :z:v . P mk V. o X (5)
input to the ~ P 4

systenm



where M is a composite system molecular weight* defined by

L

I
P.
. - . grams of system
Z ”‘i + Z xz”‘z units of moles of gas

ol

I

and where XZ is a mole fraction of condensed phase species & defined

as

_ molecules of condensed species &%
L total gas phase molecules 1

In addition, for the gas phase species, there exists the requirement that

the partial pressures must sum to the total system pressure.

I
Z P; =P (6)
i1

Mixture thermodynamic properties, such as specific enthalpy, are

related to the species concentrations by equations of the form

L

I
1 1
=——- X, H
np Z 7/( Z 2L (7)

=1

Consider now the number of independent equations for the system.
The number of gas phase equilibrium relations (3) is equal to the number
of gas phase species I minus the number of elements K (because eguations
(3) are trivial i=k). 1In addition, there exists a relation such as (4)
for each of the L candidate condensed phase species in the system. Note
that the system temperature is contained implicitly in Equations (3)
and (4) through the temperature dependence of the equilibrium constants.
There are K conservation of elements equations (5), one for each atomic
element introduced into the system. The requirement that the partial
pressures sum to the system pressure (6) contributes one additional equa-
tion. For any additional thermodynamic properties of the mixture
(enthalpy, entropy, etc.), there exists equations such as (7).

*
This is the molecular weight appropriate to the ideal gas equation of
state if condensed phases are present.



~ Consider next the variables appropriate to this formulation of the
problem. The relative concentrations of the I species in the gas phase
are given by the Pi's and the amounts of the L candidate condensed phase
species are given by X, (all of which may be zero). In this formulation,
the composite system molecular weight, lis also a variable. There are
one each of the mixture thermodynamic variables T,p,h,s, etc. The num-

ber of variables and available independent equations may be summarized as

TABLE I - CLOSURE OF CHEMICAL SYSTEM

NO. OF SUCH EQUATION NO. OF SUCH
VARTIABLES VARIABLES NUMBER EQUATIONS
P, I (3) I -K
Xy L (4) L
V/ 1 (5) K
P 1 (6) 1
T 1
h, s, p n of the type (7) n
total ) total
variables I+L+n+3 equations I+L+n+l

Thus, there are two less equations than there are variables, and so if two
independent variables are specified (e.g., P and T) in addition to the ele-
mental composition, then closure is obtained and the chemical and thermo-

dynamic state of the system may, in principal, be determined.

2.1.2 Base Species

Equations 1 to 5 describe the equilibrium reaction equations in terms
of the formation of species from atomic elements. Thus, the reactants are
elements and the products are usually molecules. This scheme has the ad-
vantage of formal simplicity; however, it is unnecessarily restrictive and

can lead to certain classes of computational difficulties.

Equations 1 to 5 can equally well describe equilibrium conditions in
terms of the formation of species from another set of species (the base
species -- from Reference 4 ). In this reinterpretation of the equilibrium
equations, each atomic element is replaced by an arbitrarily selected (base)
specie. Valid equilibrium solutions are still obtained provided that (1)
all other species can be formed from the set of base species and (2) no

balanced reactions can be written involving only base species.



; 2.1.3 Ionized Systems

Ionization is included in the equilibrium eguation by allowing ionic
and an electron species in the set of candidate species.and an electron
"element" in the set of base species. Each specie (free) electron consists
of one elemental electron. The ions are formed from one (or more) neutral
base species and one or more lost (negative vij) electron elements. In
this scheme the elemental mass balance (Eg. 5) for the electron is also a
charge balance. Thus, the specification of a non zero value of the
elemental electron concentration yields a nonneutral system; where as, a
zero value yields a neutral system.

2.1.4 Equilibrium Constants

At equilibrium, the second law requires that the independent reactions
occur without change in free energy. Therefore

G = D0 viG (3

i

where the G. are the partial molar free energies of the species (also
referred to as the chemical potentials). The change in free energy is,

by definition, equal to the isothermal reversible work performed by a
steady flowing system in passing from one state to another. On this basis
it is possible to relate the Gj to the standard-state free energies,

o
5
undiluted and at one atmosphere pressure. Thus

, that is, the free energy of the species at the same temperature but

s

vdP] (9)
P isothermal, reversible

(o}

where po is one atmosphere. For a gas obeying the perfect gas law

G, - G; = - RT &n pj (10)

if p. is in units of atmospheres. Likewise, for an incompressible con-

densed phase containing only one species

G- = L-Pp
2 2 Py (11)



When more than one condensed species coexists in a phase, the work of mixing
must be included. For an ideal mixture*

G, - G =-——"— - RT in X, (12)

where Xl is the mole fraction of species ¢ in the mixture.

In environments of general concern in high-temperature thermodynamics
Egs. (10) and (11) are generally employed and, in addition, (l—P)/pz is
assumed negligible in relation to the gas~-phase work terms. On this basis,
simplified equilibrium constant relations are obtained from Eqs. (8) and
(10) for gas and condensed species (sub j or 2 ).

in K_ = -ﬁl (13)

where the standard-state free energy change of the formation reaction for
species j ( or !) is defined by

o _ .0 _ o
AGy = Gy E’ji‘;i (14)
1

and the partial pressure of condensed species will be taken as one atmos-
phere in order that Eg. (10) will indicate no work of compression.

The standard state free energy is a function of temperature only and
is obtained for each molecular species from

G: = H, - TSj (15)

where enthalpies are obtained relative to some chemical base state, often
the elements in their most natural form at 298°K and one atmosphere (JANAF
base state). If any other base state is consistently adopted, the AG?

will be unaffected.

The enthalpy and entropy of the species are conveniently expressed
in terms of the specific heats, viz.

T
[o] o [o]
H: = HI + C 4aT
J 3 f P (16)
T
(=]

*The ideal mixture assumption is satisfied by a mixture above which vapor
pressures are proportional to mixture mole fractions and whose vapors obey
the perfect gas law.



T. ¢
=52 +f A
37 T3, -
o]

(17)

where the o subscript refers to the chemical base-state. Thus, Egs. (13)
to (17) can be used to obtain the equilibrium constants, provided only that
the specific heats of the reacting species are known, along with base values
of entropy and enthalpy. The specific heats for each specie can either be
obtained directly from tabulations which are available (e.g. Refs. 5, 6, and
7) or can be calculated from the relation

din Q. fo%1n Q.
o _ 1 2 (18)

where Qj is the partition function of the species and can be evaluated from
statistical principals and spectroscopic data.

2.1.5 Partition Functions

The partition Function of a species can quite generally be written as

€.
= 1
Q= Z 9; exp (- 7 ) (19)

Enexgy
Levels

where the summation extends over all energies accessible to the species and
whose 95 and €; are the degeneracy and energy of theliEll level, respectively.
The energy of any gaseous species (atomic or molecular) can be written as

the sum of two independent components, one of which is related to transi-
tional motion, the other to internal motions.

i = Ftranslation * finternal

Therefore, the partition function can be factored into components repre-
senting translational and internal contributions, viz.

Q. = Q. * Q.
J translation Jinternal



For the translational motion, the energy levels are sufficiently
close together to allow the summation in Eq. (19) to be replaced by an
integration. This yields the closed form expression

3
ZﬂMjRT /é RT
_ _ el (20)
Jtranslation Na?h? P

for the translational contribution to the partition function. Here, Na
is Avogadro's number and the rest of the symbols have their usual meanings.

For a monatomic species (atomic or ionic), the internal contribution
to the partition function is obtained by summing over the electronic energy
levels which can be occupied by the particle. For all systems except that
of an isolated particle in an enclosure of infinite volume, the levels which
can be occupied correspond to electronic shells relatively close to the

nucleus*. The effect on the partition function summation can be expressed
as either

€ .(P,T)
Q. - A _fi (21a)
internal g;exp (- g7 )

or
Z €3 Z i (21b)
Qj. = g;exp(~ 7 ) + o(T,P) . giexp(* T )
internal
core exclted
levels levels
where 0 < ¢(T,P) £ 1

and where the summation in Eq. 2la includes only levels up to some maximum

level specified as a function of the temperature and pressure. 2An alternate
expression given in Eq. 21b includes the summation over a prescribed number
of core levels (which the particle can always occupy) plus a specified frac-

tion:, ¢(T,P), of the contribution due to the excited levels. The selection

* Electrons in the uppermost shells are excluded by the interaction between
them and other particles in the system.



of the cutoff can significantly effect the values of the partition functions
at high temperatures ( T > 0(17,000 og) for N). However, the effect on the
mole fractions of the dominant species in the mixture is generally not dra-
matic (order of a few percent). Indeed, satisfactory results for air were
obtained by Gilmore (Ref. 8) by setting ¢(T,P) =0 in Eq.(20b), thereby
eliminating the pressure dependence entirely. A rational for this fortuitous

behavior has been given by Hunt and Sibulkin (Ref. 9).

For diatomic species the internal energy levels can be further divided
into a sum of independent electronic and vibrational-rotational components.

This allows Q. to be factored into
internal

Q. = Q. Q .
Jinternal Jyib-rot electronic (22)

where the electronic contribution to the partition function is evaluated

directly from Eg. (19) as was done for the monatomic species. The vibrational-

rotational contribution to the partition can be expressed as

E -G(v)hc (v)
Q. = exp| = ] 0Q (23)
Jvib-rot v kT rot
where
Q(v) . _kT (24)

rot = heB{(v)

and where G(v) is the vibrational term of the VEE vibrational level relative

to the lowest vibrational level, and B(v) 1is the corresponding rotational

constant.
2.2 SOLUTION PROCEDURE

2.2.1 Basic Technique

Eqguations (3), (5) and (6) make up the basic system to be solved, when
temperatures and pressures are specified. If temperature is to be replaced
by some other thermodynamic state variable, a defining relation of the form
of Eg. (7) must also be included in-the system. If an additional set of
relations (e.g., the Rankine-Hugoniot equations ~- see Section 2.2.3) are to
be satisfied simultaneously, these must also be included in the system. The
equations are highly nonlinear and, consequently, an iterative solution pro-

cedure is required.

10



The number of unknowns could immediately be reduced by I-K through
the direct substitution of (5), as solved for Pi ;, into the other relations.
It proves advantageous, however, to continue to treat the full set of equa-—-
tions, and to subsequently utilize this substitution during the iterative
convergence procedure. The solution of these simultaneous nonlinear algebrai
equations is based on Newton-Raphson iteration. Since this procedure is
accelerated by casting the equations into a more linear form (via transform-—
ations, substitutions, etc.) it is well to examine the set of equations
above. Equations (5) and (6) are linear relations between Pi and 7n .

In contrast, equations of the form (3) are linear in &n Pi' &n Pk and
n Kpi’ the latter variable veing approximately linear in 1/T.

The solution procedure takes advantage of this situation by treating
those species which are significant in the mass and pressure balances (5)
and (6) in terms of P, and the less significant species in terms of their
&n Pi.

The Newton-Raphson procedure, as presently utilized, can be summarized

by considering a set of equations of the general form

fj(xl,xz,...,xi,...) =0

At any point in the solution procedures there exists a set of estimates, x; ,
for all the variables which will in general not satisfy all of the relatiomns
and will lead to a non-zero value of the fj’ namely, ej. The Newton-Raphson
method proceeds to "drive" these errors toward zero by evaluating the change
in each unknown variable, Axi, which would reduce all the errors to zexro if
the functions, fj' were linear. The linear approximation is based on the
current values of the unknown variables and the corresponding array of values
of the partial derivatives ij/axi. Thus

of.
- __j dax,
dfj E axi i (25

which is locally correct and is integrated to

Of,
(Afj)* = Z a“xj' (Ax,) *

1

in the linear approximation. The solution of (25) is

oX,

[o]

)

dax, = —=L ar, (26)

i af .
3 J

11



where the array of partial derivatives appearing in (26) is simply the matrix
inverse of the array in (25). The formulation of the partial derivatives uses

the variables, #n P,,* n T and ¢n 7l and (26) yields, for example,

9 &n Pi
d(in Pi) -_-Zafj—' dfj

which if taken as linear all the way to solution yields

[

= amppr = Y =) (e (27)

%
(]

since the desired change in the functions is simply the negative of the error.

An alternate, but equally valid relation is

3 n Pi
dPi = Pi ﬁ—j——— dfj

which if taken as linear all the way to solution yields

3 &n Pi *
*k _ = * ~ P E P
Pi P; APi Pi -B—fj———— ( EJ) (28)

Equation (28) is used for all species significant in mass balances and (27)

for the others.

2.2.2 Restriction on Corrections

The set of correction (Axi)* can be thought of as a vector in the
space of the independent variables which is added to the current vector
approximation x; to yield a new estimate xI*. Experience has shown that it
is frequently unwise to proceed along this correction vector the full amount

indicated by (27) or (28). Rather, it is better to proceed a limited way,

*The choice of &n P, permits a matrix reduction by the use of the simple
algebraic substitutIon, as previously mentioned, prior to matrix inversion.

12



although preserving the same direction. At other times, it is expedient
to depart from this vector, and seek another based on freezing the wvalue

.of some variable and eliminating a corresponding equation.

The scaling of the correction vector is such as to limit changes
in the partial pressures of major species to increases of one order of
magnitude and decreases of three orders of magnitude, and changes of
temperature to approximately 20 percent.

Molecular weight, temperature and condensed phase concentration
corrections are frozen and a new correction vector generated if the initial
set of corrections indicate excessive temperature or molecular weight
excursions, a contradictory temperature change, or negative corrections on
newly introduced condensed species.

The formulation of these and other scaling and freezing criteria
is an essential feature of the calculational procedure. Because of these
features, convergence is virtually assured for well formulated, physically
unigue problems.

2.2.3 Incorporation of Simple Flow Field Systems

The flow variables downstream of a’standing shock wave are usually
required for problems involving hypersonic flow fields. The governing
Rankine-Hugoniot equations are readily incorporated in the set of equations
governing the equilibrium chemistry to yield a useful calculational pro-
cedure.

Consider flow through an oblique shock wave with upstream conditions
known and downstream conditions unknown.

Figure 1. Shock Wave Configuration

Equations expressing the conservation of mass, energy, and momentum (inde-

pendent of events "in" the shock) may be written as follows?

13



Mass

pzuzcose2 = plulcosel (29)
Energy
1 .2 _ 1 2
hy+3uy3=h +3 1 (30)
Normal Momentum
2 2 = 2 2
P2 + pyu,cOoS 92 Pl + pyu;cos 91 (31)
Tangential Momentum
2 . _ 2 .
p2u2c059251n62 = plulcos6151nel (32)

The four conservation equations, as written above, involve five unknowns:
62, u,, Pyr Pyr h2. However, the thermodynamic variables on the downstream side
of the shock are related by the chemical equilibrium and thermodynamic state
relations discussed in Section 2.1.1. Recall that these relations were sufficient
to completely define the thermodynamic and chemical state of a system given the
elemental composition and any two independent thermodynamic state variables (e.qg.,

p, as a function of P2 and h2).

Thus, the chemical equilibrium and thermodynamic state relations, plus the
four conservation Equations (29) through (32) are sufficient to determine the

condition downstream of a shock wave if all upstream conditions are known. Solu-
tion to this set of equations are readily obtained by the method described in Sec-

tions 2.2.1 and 2.2.2.

The shock wave equations can be generalized to describe the hypersonic flow
abaut a sphere. The shock layer in the stagnation region can be characterized

by

N

P(y) = const., T(y) = const., (inviscid region)
where
§<y<0 L (33)
and
5 °1 ;
R . , (R = radius of shock)
o, (1 + V80 73p,) )
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provided that radiation losses from the shock layer are small compared to the

flow energy, i.e., Q << plu3/2. When valid, Equations (29) to (33) provide

rad
all the necessary inputs for a useful class of radiation heating problems. Even
when the radiation losses are large, solutions to this set of equations are often

useful as reference conditions.

2.3 THE CHEMICAL EQUILIBRIUM PROGRAM (EQUIL)

The solution procedure of Section 2.2 has been automated to solve Equa-
tions (3) to (7) employing the base species concept and including a conservation
of charge relation when required (for ionized systems). The equilibrium constants
are obtained using the method of Section 2.1.4. The specific heats for each spe-
cie are input through two curve-fits - one for each of two allowable temperature
ranges - of the form

c® =F, + F,T + F_/T2
P, 3 4 5
where the coefficients are generally established by least-squares fits to tabula-
tions of Cgi versus T data such as that given in the JANAF tables (Ref. 5.).
Tables of the coefficients are given in Reference 3 for many species of interest.
The additional data reguired, heats of formation and the base state conditions,

are also generally available in tabulations such as Reference 5.

The program has been run extensively as a part of the Aerotherm Chemical
Equilibrium (ACE) program (which is of equal accuracy but greater generality).
Computational times on computers such as the UNIVAC 1108 or CDC 6600 are on the
order of two to three seconds per solution.

15



SECTION 3

ABSORPTION COEFFICIENTS OF THE BOUNDARY LAYER SPECIES

3.1 IMPORTANT ABSORPTION MECHANISMS

The spectral absorption coefficient for a plasma consisting of a mixture

of elements is in general

Ny N
= Z “(i:(\’) + Zui(v) (34)
i=1 k=1

where the first term represents the continuum contribution with its summation
taken over all continuum transitions (Nl), and the second term represents line
contributions with the summation taken over all the lines (NL). For the plas-
ma conditions of interest, the important continuum transitions include atomic
photoionization, photodetachment, free-free transitions, photodissociation and
molecular photoionization in approximately a decreasing order of importance.
The atomic line transitions are very important. The molecular band systems

can be important for some conditions.

3.1.1 Atomic Continuum Transitions

In general, continuum contributions depend on the plasma state (to a satis-
factory approximation) only through the populations of the absorbing levels,

viz.

C
MO ZNIJ iS¢ (35)

where N, . is the number density of the absorbing level and cig(v) is its cross-~
section. The number densities must be obtained from thermodynamic state cal-
culations and the cross sections either from guantum mechanical calculation or

experiment.

Hydrogen cross sections are well understood, exact values being available

(Ref. 10)

25 _n,4 melO
g, =0 T g (36
bf 3 /3 cn® nfy? bf )
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4.2 .6 N
Opp = 2511 e e eg (37)
3V3 he(2mm)®/2 (kT)/ 22

where the subscripts bf and ff refer to bound-free (photoionization) and free-
free transition, respectively. The guantity n, is the principal quantum num-
ber of the absorbing level; Ng is the number density of free electrons; Ip¢
and geg are Gaunt factors which are available in tabular form (Ref. 10), and the
other symbols have their usual meanings. The Gaunt factors are often taken to
be unity (a good approximation) or expressed in terms of shell averages (§ff).
This allows a closed form expression to be obtained for the free-free contri-

bution for the z,z+l stage of ionization (Ref. 1ll), viz.

1 Tz
FF _ 32 e e® kT (z+1)2 @*F x\=
Hit V) =373 <2hc ) Y oz P\ k)9 (38)

where 0% and Qz+l are the electronic partition functions of the atom and its
ion, respectively, where x? is the ionization energy of the atom, where z+1 is
the charge on the residual ion. The photoionization contribution is also sim-

plified, viz.
PI FF 1
TV =y (v)E 75 eXp —iﬁé (39)
vy <v
a

where Vng is the threshold frequency of the level ng,. At sufficiently high
values of n,, the levels are so closely spaces that the summation can be
approximated by an integration (see Ref. 12, for example)

WET(V) ~ ui” Jexp(hRy/n®kT) - exp(hRy/TkT) (40)

where n is the lowest level to be included in the integral formulation and x
is the highest level allowed at the given plasma condition.
\

In the case of the'heavy atoms, no exact cross sections are available.
The most widely accepted method of calculating them is the "quantum defect"
approximation as put forth by Burgess and Seaton (Ref. 13). This method has
been used by Armstrong, Johnston and Kelly (Ref. 14, see also Refs. 15, 16, and
17) to obtain the level cross sections for the levels of N and 0. A compilation

17



of this work is available (Ref. 11) in which "effective cross sections"

( pi(v)/Ni) are tabulated.

i}

A useful approximation for the heavy atom contributions at low frequen-
cies has been proposed by Biberman and Norman (Ref. 15). They also use the
quantum defect method but have obtained an approximate, closed form solution
for the total contribution. Their results are presented in terms of two

correction factors to be applied to the hydrogenic formula, viz,

PI,FF

PI,FF
M :

(v) = TE(hv,T) l:ul (41)

(V)J
hydrogenic

where T = 2QZ+1/QZ. Tabulated values of € (hv,T) are available (Ref. 15) for
many different atoms. The absorption coefficients calculated from Equation
(41) show surprisingly good agreement with the fully detailed ones of Armstrong
et.al.(Ref. 14). Tabulated values of the effective cross sections of C and C+

as obtained from Equation (41) are available (Ref. 11).

Figure 2 shows nitrogen continuum cross sections taken from References 14
and 15 and illustrates the dominant importance of the photoionization edges.

3.1.2 Atomic Line Transitions

The absorption coefficients of the atomic line transitions depend on the
plasma condition both through the population of the absorbing level and also
through the shapes of the lines. Thus,

me®

L
“k(j)(v) = e fk(j)Nijbk(j)(V,T,P,Xl,xz...) (42)

th line in the jth series of

where fk(j) is the oscillator strength of the k
lines and bk(j)(v,T,P,xl,xz,...) is the line shape and is a function of fre-
guency and the plasma condition. The line shape obeys the normalization con-
dition (omitting the explicitly written functional dependence on the plasma

condition for brevity)

o

/bk(v)dv =1

o

but otherwise is free to take on a variety of functional forms depending upon

the species involved and the broadening mechanisms (or combination of mechanisms).
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For the heavy atomic species, the dominant broadening mechanism is Stark
broadening by electron impacts. Following Armstrong et.al.(Ref,1l4) it is
assumed that each multiplet can be treated as a line with a Lorentz shape,viz.

s
Y /T

by (v) = (43)

(v=vy)® + (Yi)2

where Vi is the frequency of the line center and Yi is the Stark (half) half-
width which is a function of the plasma condition. Corrections to Equation

(43) due to J-splitting and effects due to ion perturbers are often ignored.

The (half) half-widths, yi, can be calculated from the electron impact
approximation. Griem (Ref. 18) has worked out the proper formulation and
tabulates data for many transitions and for several elements. Wilson and
Nicolet (Ref. ll) have performed the calculations* for all the important tran-
sitions in N, N+, O, 0O+, C and C+. A comparison given by Wilson and Greif
(Ref. 19) shows that the data of Reference 11 compares favorably with that of
Reference 18. Page et.al.(Ref. 20) report that the (half) half-widths from
Reference 1l can be approximated as

S [t Vs (44)

where n = 0.25, 0.46 and 0.43 for nitrogen, oxygen and carbon, respectively.

For many plasma conditions of present interest, the degree of ionization
is very low. Under such conditions, resonance broadening can be greater than
Stark broadening, yielding lines with Lorentz shapes having (half) half-widths

which can be calculated in an impact approximation (Ref. 9) as
(45)

Here f v 9, and Iy all belong to the resonance line and are, respec-

res’ ‘res’
tively, the absorption oscillator strength, the center frequency, the lower
statistical weight and the upper state statistical weight. N, is the number

of perturbing atoms per unit volume.

*It should be noted that until recently an erroneous approximation was usually
made in this calculation (see Ref. 11 for a discussion of this point) which
resulted in half-widths which were much too large.
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The broadening mechanisms for atomic hydrogen require exceptional treat-
ment. The Stark splitting of hydrogen lines is much greaéér than that of
other spectra (Ref. 21). This effect is connected with the accidental degen-
eracy in hydrogen whereby terms of the same principal quantum number but dif-
ferent orbital quantum numbers have (very nearly) the same energy. Further,
it is known that broadening caused by ion perturbers is not negligible com-
pared to that caused by electron impacts (see Ref. 22). Thus, the Lorentz
line shapes often cannot be used. The line shape in the core region of each
of the important hydrogen lines was obtained by Griem, Kolb and Shen (Ref. 22)
and is available in numerical form.* Asymptotic equations are given by Griem
(Ref. 18) for the shape of the far wings, viz.

8 (a (V)

bk(v) = const.
v2\/2.61eNe‘73

(46)

and

c
Lim 8, (a) = a:/b E + Rk(Ne,T)V 2.61eNe2/3a] (47)

o — @
The parameter o (v) is defined as

(-] -—
A (A) . const. x (v vk)

2.61 x 10~ %eN _2/3 2.61 x 10~ %y, 2eN 2/°
e k e

a(v) = (48)

and values of Ck and Rk are available in Ref. 18. For transitions involving
highly excited levels, Griem (Ref. 23) has shown that electron impact broaden-
ing is dominant. Thus, the Lorentz shape can be used with the (half) half-

widths taken from Griem (Ref. 23), viz.

=) 8
S 3 x 10°7\% T My
Yy, = const.N _log (49)
k e 10 e N ok
u e
where n, and n,6 are the principal quantum numbers of the lower and upper levels

of the transition, respectively.

—
The Griem et.al. (Ref. 22) line shapes have recently been revised by Kepple
(Ref. 24). Comparisons cited in Ref. 24 indicate excellent (~10%) agreement
between calculated and measured half widths.
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The lines of all the species can also be broadened by the Doppler effect.
Hunt and Sibulkin (Ref. 9) have recently pointed out that it is important to
include this mechanism for some plasma conditions of interest. The Doppler

broadened line acquires the shape

- 21n2
1 in2 (v = vy)
b, (V) = — exp {- ——F (50)
k T D D 2
\4 Y (vg)
where yg is the Doppler (half) half-width and is given by
D_ Yk [2kT ; , (51)
Yk = ¢ m.

1

where m, is the mass of the radiating particle. In order for this mechanism
to participate in a meaningful way in transport calculations, yi must be very
much larger than yi + Yi. This effect occurs because the Doppler wings decay
exponentially; whereas, the Lorentz wings decay quadrically, and most of the

radiant energy is (usually) transported in the wings.

Some of the atomic lines can be treated like a continuum rather- than
individually. The high lines* in a given series always become overlapped as
they approach their series limit. Armstrong (Ref. 25) has shown that the
photoionization threshold can be shifted to lower frequencies to account for

the contributions from these lines, viz.

thy ~ (Nz/kT>1/7

where Ahv is the shift in terms of photon energy.

Lines belonging to high series** can also be treated as a continuum con-
tribution. They become overlapped at low frequencies; in addition, they are
usually weak. Integral formulations for the contributions of these lines have

been obtained in a variety of investigations (Refs. 9 and 26, for example).

)
The high lines in a series are associated with transitions which have upper
levels with large principal quantum number.

*k . . .
The high series are associated with transitions which have lower levels with
large principal guantum numbers.
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All approximate the line strengths by shell averaged hydrogenic values. This
is consistent with the fully detailed calculations (Ref. 14). For a uniform
and optically thin plasma, Vorobyov and Norman (Ref. 26) have obtained the
total emission per unit volume (j) of all the transitions originating at or
above the level k, viz.

j = const. ‘%B- exp <— %;) I‘[% <exp —f— - exp -§-> - <n;2_ n—-?) exp ?1—%— Ni]

(52)
where 8 = hRy/kT, where z is the charge of the atom, x? its ionization poten-
tial and T the highest level allowed at the given plasma condition. Vorobyov
and Norman (Ref. 26) do not discuss the spectral distribution of the intensi-
ties thus obtained; howaver, Hunt and Sibulkin (Ref. 9 ) have obtained a some-
what similar equation and indicate that the distribution should be the same
as that for free-free transitions. If one interprets high series as transi-
tions of nearly free electrons, then the plausibility of such an argument is

seen.

Even for strong and/or isolated lines, a fully detailed evaluation of
Equations (34), (42), and (43) is often not required; rather, the line group
approximation can be utilized. Initially, the frequency range of interest
is divided into a number of increments. Each increment defines as a line
group those lines which are centered within it. The line contributions at
a frequency point within a frequency increment is obtained by summing over
only those lines within its line group. This approximation usually yields
a significant simplification. Its region of validity will be discussed in
Section 3.2.2.

3.1.3 Molecular Band Transitions

The rotational lines situated in molecular band systems can also be
treated as a pseudo continuum, rather than individually, for many plasma con-
ditions of interest. The density of molecular lines is always very large,
and it can be assumed that they are fully overlapped and/or weak. Frequency
averaged models are nearly always employed in which only the bands within the
system are considered individually (smeared band model) or only the gross
shape of the band system itself is retained (bandless model). Such data is

adequate for studies in which high spectral resolution is not required.

The low frequency band systems of the air species (N2(1+), N2(2+), N2+(1—),
02(S—R), NO(B), NO(y)) have been extensively studied. Frequency averaged con-
tributions are presented by Aroeste and Magee (Ref. 27) and Biberman and
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Mnatsakanyan (Ref. 28), among others. A representative comparison* of their
results is given in Figure 3. It is seen that noticeable differences exist in
some of the details, but the general levels are in agreement except in the
ultraviolet where Biberman and Mnatsakanyan (Ref. 28) included contributions
from more transitions. Biberman and Mnatsakanyan (Ref. 28) showed that their
data is also in good agreement with the data (viewed with low spectral resolu-
tion) of Churchill et.al. (Ref. 29) in which over 150,000 lines were considered

individually.

A large number of high frequency band systems have been identified for
the air species (see Ref. 30, for example). Sufficient data is not available
to allow accurate calculations of the contributions from each individual band
system; however, the total contribution from each molecular species can be
estimated. Gilmore (Ref., 31) investigated the relative importance of 02. NO
and N, in air (contributions from other species being negligible), at hv =
9.77 ev and for 2,000°K < T < 8,000°K. He found that 0,, NO and N,
tions dominate at low, medium and high temperatures, in that order. The 0,

contribu-

contribution was attributed to the usual photodissociation continuum. The
sources of the NO and N, contributions have not been positively identified.
The high frequency contributions of NO were investigated by Biberman and
Mnatsakanyan (Ref. 28). They found that the NO(§) and NO(e) systems make sig-
nificant contributions in the range 5.2 ev < hv < 8.2 ev and for an extended
range of temperature. At higher frequencies, the room temperature data of
Watanabe (Ref. 32) show that important contributions from NO exist above
hv ~ 9.3 ev. Biberman and Mnatsakanyan (Ref. 28) used the room temperature
cross sections to estimate the high temperature contribution in this frequency
range. The resulting total contribution for NO is high below 8.2 ev and above
9.3 ev with a pronounced minimum in between. This minimum is probably spuri-
ous, caused by a lack of data and the use of room temperature cross sections
rather than an absence of absorbing mechanisms. Accordingly, Biberman and
Mnatsakanyan (Ref. 28) recommend interpolating between the two contributions
and disregarding the minimum. In view of the absence of more nearly complete
data, this approach seems superior to the usual one of ignoring these systems.

The total high frequency contribution of N, has been investigated experi-
mentally by Appleton and Steinberg (Ref. 33) and theoretically by Allen (Ref.
34) .** In the experimental study, the contribution in the frequency range

*
It was necessary to interpolate between the data points presented in Ref. 28

to allow the two sets of data to be compared.
*

*
The contributions of particular band systems have also been studied by
Churchill et.al. (Ref. 35) and Gilmore (Ref. 31).
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9.27 ev <= hv < 10.4 ev are measured, and a method is suggested by which they
can be obtained to 12.75 ev. 1In the theoretical study, Allen assumes that
the total contribution is dominated by the long wave length "tail" of the N,
Birge-Hopfield systems b' 13, u+ - x 3 g+ and b, — X 1Zg+ for the
frequency range 7.0 ev < hv < 14.25 ev. For frequencies above about 10.5 ev,
the experimental data is substantially above the calculated data indicating
that contributions from sources other than the Birge-Hopfield systems are
important. However, there is no reason to believe that Allen's data is in
error at the lower frequencies. Thus, the experimental data can be used in

the frequency range 9.27 ev < hv < 12.75 ev and the theoretical data in the

range 7.0 ev < hv < 9,27 ev.

The contributions from the ablation product species are available from
several sources. The species associated with the CO0, - N, system have been
studied by Arnold, Reis and Woodward (Ref. 36) and more recently by Woodward
(Ref. 37). .They considered the CN(V), CN(R), c, (Swan) and CO(4+) along
with the usual air systems. The contribution from the first three band sys-
tems are considered to be reasonably well established. In the case of the
CO(44) system, significantly lower estimates of the magnitude of its contri-
bution are also available (see Ref. 38, for example). The contributions of
the c, (Freymark), C2(Fox—Herzberg), C?(Mulliken), H2(Lyman) and H2(Werner)
band systems are also available (see Appendix A and Ref. 39).

3.1.4 other Transitions

The 0, Schumann-Runge photodissociation continuum is known to be the
most important ultraviolet contributor for the air system at lower tempera-
tures (Ref. 31). Evans and Schexnayder (Ref. 40) have studied this transi-
tion experimentally and numerically. A comparison between their results and

the approximate Sulzer-Wieland formula

1/=
PD -7 o.0975j) _ (0.0975) (hv - 8.56)2
u,” = 1.45 x 10 N, l:tanh< T :, exp |: tanh kT 0,805

(53)

indicates that it is accurate up to temperatures sufficiently high to cause

0, dissociation, provided that a threshold frequency of 7.1 ev is imposed.

The photodetachment transition of the negative ions of atomic oxygen and

hydrogen are known to exist and to be important for some plasma conditions.
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The cross sections for 0 are available from the work of Churchill, Armstrong
and Mueller (Ref. 35). The cross sections of H are very well known and are
available from several sources (Refs. 41, 42, and 43), agreement being on the
order of five percent. The C  ion is also known to undergo a photodetachment
transition, and cross sections have been obtained by Cooper and Martin (Ref.
44), and are in fair agreement with the measurements of Seman and Branscomb
(Ref. 45).

The contribution of the N~ ion is currently being debated. Norman (Ref.
46) argues in favor of an appreciable photodetachment contribution and points

“1"om®) greatly

out that the utilization of a reasonable cross section (~ 8 x 10
enhances the agreement between calculated (Ref.1l5) and measured (Ref. 47) con-
tinuum emission. The recent measurements of Morris et.al. (Ref. 48) also in-
dicates a substantial N contribution. However, the N contribution is not
taken into account in most of the theoretical papers on the emission of an

air plasma, including many of the most recent ones (Refs. 9, 14, and 19). It

has not been positively established that the ion is stable, especially in its
ground state. Further, its photodetachment cross section is completely un-
known. Thus, the N photodetachment contribution is required to make predic-
tions agree with recent experimental findings, but the transition is not suf-
ficiently well understood to allow predictions to be made from first principles.
A numerical investigation of the possible effects of this transition is given

in Section 5.1.

The contributions from molecular photoionization transitions are impor-
tant on occasion. Biberman and Mnatsakanyan (Ref. 28) found that the NO
photoionization contribution makes an important contribution to their total
high frequency NO contribution. However, other molecules such as CO, H2, and
o)
usually be neglected.

have photoionization thresholds at such high frequencies that they can

Finally, there is reason to believe that absorption and scattering by
particulate matter (carbon primarily) can be important for some cases (see
Ref. 38, for example). It is felt that this phenomena is not sufficiently
well understood to be described gquantitatively. Consequently, the present
model is applicable to those cases where only a negligible interaction exists

between the radiation field and any particulate matter.
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3.2 THE RADIATION PROPERTIES MODEL

The radiation properties which are felt to be most nearly consistent with
the objectives of the present study are given in Sections 3.2.1, 3.2.2, and

3.2.3. fThese are ultimately used in the numerical work presented in Section 5.

3.2.1 Molecular Band Model

The bands within each band system are smeared according to the scheme

o= Avuvdv
v Av
where the Av are selected such the Ev varies smoothly. The "bandless model"
obtained in this fashion is essentially the same as that proposed originally
by Meyerott et.al. (Ref. 49) and used more recently by Biberman and Mnatsakan-—
yan (Ref. 28). 1It is felt to be satisfactory for radiation heating calcula-
tions.¥*

3.2.2 Atomic and Ionic Line Model

The line group approximation is employed to simplify the calculation. The
frequency range of interest is divided into a number of frequency increments -
15 to 20 or thereabout. These are not necessarily connected. Each one defines
as a line group those lines which are centered within it. The line contribu-
tions at a frequency point within a frequency increment is obtained by summing
over only those lines within its group. This approximation is wvalid unless

all three of the following conditions are satisfied:

(1) The path lengths are sufficiently long and the electron densities
sufficient high to lead to blanketing.

(2) The line group boundaries are placed in between closely spaced lines.
(3) The continuum intensities are not already black body.

In addition, the line group approximation becomes inaccurate for extremely
long path lengths where the equivalent width of an isolated line can become
greater than the width of the line group.** The sketch illustrates the condi-
tions where the line group approximation is valid (Figure 4(a)), introduces
small errors (Figure 4(b)) and significant errors (Figure 4(c)).

A discussion is given in Section 4.2 on the effect this approximate model

has on the calculation of radiative fluxes.
*

*
This very rarely occurs, however.
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Group Approximation

An additional classification of the lines is required. Lines having a
lower level with a principal quantum number (nL) of four or greater are con-
sidered to be high series lines. Contributions from them are obtained from
integral formulas (Eg. (52)). Lines having an n, equal to or less than two
are the very strong lines situated in the ultraviolet. The contributions from
them are calculated in full detail (within the line group approximation). Lines
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having an n, of three appear in the infrared and, to a lesser extent, the visi-

L
ble range of the spectrum.
strong to be calculated by an integral formula but not strong enough to require

Contributions from these lines are obtained by

They are of intermediate strength - probably too

a fully detailed calculation.
considering the contributions from an "average" line (defined by an averaged
line width and f-number) and multiplying by the number of lines.
ing process is limited to lines within the same line group and having lower
This approach

The averag-

levels with the same principal and orbital quantum numbers.
neglects line overlapping, an effect which should be of negligible importance

for these lines for most cases of interest.

The radiative properties model adopted for the present calculations was
taken from the sources of data given in Tables II-V.
continuum contributions are given in Table II, the atomic and ionic lines in

Table III the molecular bands in Table IV,

The atomic and ionic

and the other contributions in

Table v.
TABLE II
ATOMIC AND IONIC CONTINUUM
Species Transitions Source
Hydrogen High frequency photo- Eg. (36) with Gaunt
ionization edges factor of unity
Low freguency photo-
ionization
free-free Eg. (38) with Gaunt
factor of unity
Oxygen and High frequency photo- Numerical data from
Nitrogen ionization edges Ref. 11
Low frequency photo- Eg. (41) modified em-
ionization pirically to better
agree with data from
Ref. 11
free-free Eg. (38) with Gaunt
factor of unity
Carbon High frequency photo-~ Numerical data from
ionization edges Ref. 11
Low frequency photo-
ionization
free-frde Eg. (38) with Gaunt
) factor of unity
All atomic All transitions Not included as their
ions continuum transitions
are negligibly small
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TABLE III

ATOMIC AND IONIC LINES

Sources of Data

Line

Species | Transitions f-no. |shape % width Other
Hydrogen Lyman « Ref.50 |Numer- - Egs. (46~48) used
ical where applicable
B data
from
Ref.22
Balmer a
B
Other lines
accounted for|Ref.50 |Eq.(43) [Eg.(49) |Eq.(50) used
individually when applicable
High lines Ionization thres-
hold lowered
(n = 8)
High series M, taken equal
to j/Bv with j
from Eq. (52)
oxygen All lines Ref.ll [Egs. (45) and (50)
Nitrogen accounted for|Ref.ll |Eg.(43)| and used when appli-
Carbon individually Eqg. (44) |cable

(atoms and
ions)

High lines

Ionization thres~
hgld lowered
(n = 8)

High series

uy, taken equal
to j/B. with j

from EY. (52)
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TABLE IV
MOLECULAR BAND SYSTEMS

Species Transitions Source
N, 1+ Curve fits to numerical data
2 from Ref. 28
+
Birge Hopfield Curve fits to numerical data
from Ref. 34 for hy < 10.5 ev
and from Ref. 33 for hv > 10.5
0, Schumann-Runge Curve fits to numerical data
Band System from Ref. 28
NO Y
B
€,68
+
N2 1-
CN red Curve fits to numerical data
violet from Ref. 37
02 Swan
Freymark curve fits to numerical data-
See Appendix A.
Mulliken
H2 Lyman
Werner
co 4+ Curve fits to numerical data
from Ref. 37
TABLE V
OTHER CONTRIBUTORS
Species Transitions Source
O2 Photodissociation Eg. (53)
o~ Photodetachment Curve fits to numerical data
o hf{pm Ref. 35
H Photodetachment Curve fits to numerical data
from Ref. 41
N Photodetachment It is not included in the nu-
merical work unless it is
called out. Then, the contri-
bution is consistent with the
data of Ref. 48
c” Photodetachment Numerical data from Ref. 45
Nz, O2 Photoionization Neglected
co, H2
CN, C
ALL Particulate absorp- Neglected
tion and Scattering
Photoionization Numerical data from Ref. 28




SECTION 4

TRANSPORT MODEL

4.1 FORMULATION

The basic equation governing the transfer of radiation through a medium’

in local thermodynamic equilibrium can be written as

dIv
FS T Hy (Bv - Iv)

where I 1is the spectral intensity, B is the Planck function, S is the ray

length, W' is the absorption coefficient corrected for induced emission, viz.
us = uv[l - exp(—hv/kTﬂ
and My is the ordinary absorption coefficient.

In computing radiation fluxes across boundary and/or shock layers, it is
convenient to make the tangent slab approximation. Thus, the properties along
any ray can be related to those along the normal coordinate (y) by applying a
cosine transformation. The coordinate system is shown in Figure 5. The re-
sulting expressions for the optical depth, directional fluxes and total flux
are well known and can be written in the form

y
T, =/ M, dy (54)
[o]
ef,
FL(y) =/ E (ef)det (55)
(o)
ey,
F;(y) = f E\)(e;)de; + 2J‘$é03(1'\,) (56)
(o]
q, (¥) =f[F¢(y) - F;(y)]dv (57)
(o]

where a diffuse wall has been assumed (reflectance r: and emittance et) and
where E, and JX are the black body emissive power and wall radiosity, respec-

tively, and are defined as
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E. = 7B . (58)
w o_ W w_+
J. = ava(O) + erv(o) {(59)

v

+ . .
Finally, emissivities (Ev) are used as independent variables,

-+ _ _ _ "
e, = 1 283(t\) ’TV) Pty 2Ty (60a)
ev=1—2é‘>3('rv—t\)),tv5'fv (G0Db)

where the tv are dummy values of optical depth and the d?n(x) functions are

exponential integrals of order n.
The exponential approximation can be used to further simplify the equa-

tions without an appreciable loss in accuracy. It is known (see Ref. 9, for

example) that when the approximation

Zé‘; (x) ~ exp(-2x) (61)

is made, exact transport solutions are obtained in the optically thin limit,

viz.
+ _
rir ) = 2/ B (e)at, , T2 >0 (62)
b’
ltg-, 1

In the optically thick limit, the directional fluxes become

oE
t _ C v 1
Fv = Evi E; 5;— + ... O(ﬁr>' uv + large (63)

where C = 1/2 for the approximate model and 2/3 for the exact model, Thus,
the approximate model agrees through the first term (hence it is exact in the

limit u, + ), Further, the net flux as calculated from the Rosseland formula,
viz.
oE
+ - 2C v ( 1)
P, -F == 4+ .., ol = (64)
v v U, 3y ué

is of satisfactory accuracy considering its higher order nature, viz.

+ -
Fv - Fv -+ 0 as “v > ©
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Thus, the emissivities become

+z — -
£, 1 exp 2(Tv tv) (65a)
e, * 1 - exp 2(tv - Tv) (65b)

which are more convenient to work with than those given by Equations (60a) and

(60b). Emissivities written in this form have the additional advantage that
by suppressing the factor of 2 in the exponential arguments and replacing E
by B in Equations (56) and (57), the same formulation can be used to calcu-

late intensities.

Before evaluating Equations (54)-(57) it is advantageous to separate the
integrals into line and continuum parts. This allows optimum coordinates to
be selected in frequency space. The continuum contribution to the absorption
coefficient (= uS) is just the first term in Equation (34). Substituting “S
for pv in Equations (54)-(57) yields corresponding values for Ts and FS,
where the + signs have been dropped from the latter for brevity. The line

contributions to the flux are obtained by difference

FP = F - FC (66)
\Y) v AV

where the Fv values are evaluated using the total absorption coefficient
(Eg. (34)). Thus, the line contribution is treated as a correction to the con-

tinuum flux.#*

4.2 EVALUATION OF FLUX INTEGRALS

A direct evaluation of Equations (54)-(57) requires an implicit assump-
tion - that only a reasonable number of frequency points need be sleected to
adequately describe the variation of the spectrum. In the case of the con-
tinuum spectrum, the assumption is well satisfied with about 25-50 points
being sufficient. In the case of atomic lines, the number is approximately
1,000 frequency points (100 lines with 10 points per line), which is getting
large but can still be handled for most cases. In the case of molecular lines
the requirement rises to approximately 1,500,000 frequency points (150,000
lines with 10 points per line), which is quite impractical for radiation heat-

ing calculations.

x_
It should be noted that the line contributions defined by Egquation (66) can
be negative for nonisothermal layers.
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In the present study, the problem of resolving the molecular spectrum
is solved summarily. The utilization of the molecular band model (the band-
less model) converts the molecular spectrum into an "equivalent" continuum
process. Such an approach ignores the details of the internal structure of
the band system. The calculated spectral fluxes yield the correct total
fluxes (when integrated over a band system) only when the layer is optically
thin, optically thick, or when the lines are spaced sufficiently close to-
gether to be strongly overlapped. Otherwise, only an approximation to the
total f£flux is obtained.*

No additional approximations are required. The continuum fluxes and the
approximation to the molecular line fluxes can be calculated in a straight-
forward manner. The atomic and ionic line fluxes can also be obtained directly.
While this calculation is lengthy, it is not felt to be excessively so. 1In
all cases careful attention must be paid to the selection of nodal points (in
frequency and in space) and interpolation formulas to insure that high accuracy
is maintained.

4.2.1 ©Nodal Points in Frequency

For the continuum contribution to the flux integrals the frequency grid
can be specified a priori and is only slightly dependent on the characteris-
tics of the layer. Basically, the variation of the Planck function and the
continuum absorption coefficients must be adequately described. The first re-—
quirement can be met by distributing nodal points across the frequency range
hv ~ 0.25 ev to hvm ~ 12 kT°° ev (T; = maximum temperature considereé).

ax
Usually about 30 points spaced at roughly equal intervals are sufficient.

This grid also satisfies the second requirement except in the ultraviolet.

x
The accuracy of the approach can be defended on the following grounds: (1)

The molecular spectra for which good property data are available are all
situated in the infrared, visible, or near ultraviolet. It is well known
that this region of the spectrum is optically thin for typical boundary or
shock layer conditions and, hence, the bandless model is accurate for these
data. (2) The molecular spectra situated in the ultraviolet and the wvacuum
ultraviolet are often strong enough to absorb appreciably. However, good
radiation property data are not available in this region; consequently, the
bandless model approach is consistent with the quality of the data. (3)
Finally, and of primary importance, it is known that whenever radiation heat-
ing is comparable to convective heating, the molecular species will be con-
fined to a narrow layer near the wall. The radiation will originate in the
external region of the flow which will be hot enough +to be dissociated and
at least partially ionized. Thus, in any competition for accuracy and/or
detail the atom and ion radiation must be given preferential treatment.

It is to be noted that more sophisticated band models are used by some in-
vestigators. These extend the range of validity somewhat, but introduce
what is basically the same type of approximation and are accurate in the
same regimes.
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There the frequency grid must be carefully selected to resolve the photoioni-

' zation thresholds.*

For the line contribution to the transport integrals, a grid must be
selected for each line and should be dependent upon the characteristics of
the layer as well as the individual line. This is accomplished by introducing
a parameter ¢ which is characteristic of the width of the line (and will be
discussed further in a subsequent paragraph) to stretch the coordinate system.
The smallest increment and the distance to the most remote nodal point are

defined by Equations (67) and (68), respectively, where ¥ = lv - vcl.
59, = 0 (67)
Viax = fzw (68)

The quantities f; and £, are selected arbitrarily and are usually taken to
be 0.5 and 10 (respectively), on this order. The intermediate nodal points

are established using a growth law, viz.

évj = (1 + f) 6Vj—l (69}

where the nodal spacing increases (increasing subscript j) with increasing
distance from the center of the line. The growth factor f is determined im-

plicitly from the relation

N
~ _ a-nY_1 - ;
5 Gvo (70)

max

<

where N is the number of increments to be used. Usually, the center of the
line and about 5 to 7 additional points in each direction from it are suffi-

cient.

The stretching parameter ¢ is defined by Equation (71),

v = y(Y) ‘/1 + T (71)

where the (half) half width Y(;) is evaluated at a particular spatial location
(usually as an edge condition) and Ta is the optical depth of the entire layer

* 0

It should be noted that the movement of the thresholds (in frequency) caused
by plasma interaction effects is not considered. This is consistent with the
approximation discussed in Section 3.
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at the frequency of the center of the line. It can be shown that ¢ has the
following properties:

T, 0
lim © =~ h;l) T = 1
v (73)

Y@ /[p3[ 1] >0

That is, the ¢ is the distance in frequency space from the center of the line
to the half intensity position when the line is weak, and it is approximately
the distance to the frequency at which the layer has unit optical depth when
the line is strong. At intermediate values of Tar @ should also be a reason-
able approximation to the width of the line.

4,2.2 Nodal Points in Space

Initially a spatial grid is selected so that it adequately describes the
variations of the thermodynamic properties across the radiating layer (the
circles shown in Figure 6, for example). The optical depths are then calcu-
lated* and used to evaluate the emissivities. Typical values are shown in
Figure 6(b) where Curves 1, 2 and 3 illustrate the optically thin, moderately
thick and very thick layers, respectively. Transforming into the Ev vs. €
plane yields the points shown (as circles) in Figure 6(c). Curves 1 and 2
are well-behaved; however, Curve 3 is very ill-behaved, showing a diséonti—

v

nuity in slope at the outer boundary and no resolution of the region between
the boundaries. To circumvent the problems caused by this behavior, a special

E,(y)/E (8)

°r—

y/8 y/é €
(2) (b) (e)

Figure 6. Spatial Grid Transformations

*
The methods used to evaluate the integrals appearing in Equations (55)-(58)

will be described subsequently.
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coordinate system is used for the optically thick layers (TV > 2 for present
purposes). The layer is divided into equal increments of emissivities (crosses
in Figure 6 (c) from which the new values of optical depth are calculated.* The
new E values are then obtained by cubic interpolation in the plane lnEv vs.
lnTv.** The new curve in the E, vs. g, plane (crosses in Figure 6(c)) is suit-

able for accurate evaluation by numerical methods.

4.2.3 Integration Scheme

With one exception, all the integrals are evaluated using three term
Taylor's series expansions as interpolation formulas. - The derivatives re-
quired in the second two terms are obtained from Equation (74), where x and

y are the general independent and dependent variables, respectively.

H = ys (74)

The s values are taken equal to the slopes in the plane ln y vs. x and are
obtained from curve fits. It has been found that this procedure minimizes

unwanted excursions in the higher order terms.

The Taylor's series expansions cannot be used for the frequency integra-
tion of the continuum fluxes due to .the discontinuities in the integrals.
These integrals were evaluated using linear interpolation formulas, instead.
This causes no serious loss in accuracy as the integrals are slowly varying

except at the discontinuities.

4.2.4 The Optically Thick Limit, An Example

Consider a radiation layer which has an overall optical depth of uL, a
black body emissive power of Ebv at its midpoint and a constant gradient across

the layer given by the relation

—_—
In evaluating the optical depths, the maximum allowable value of ¢, is taken
to be 0.99.

* %
The origin of the optical depth integration is shifted and/or inverted in

space to insure that the lnEv vs. 1nTV curve is well behaved for the inter-
polation.
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The directional and net fluxes at the midpoint have been calculated using the
methods of Sections 4.2.2 and 4.2.3. Values of C of 2/3 and 3/2 were selected,
and the calculation was performed as a function of py while holding L and Ebv
fixed. The results are presented in Figure 7. The directional fluxes were
driven to their correct limit (black body) by uL = 102, Likewise, the net flux
was driven to the gradient of the black body emissive power (correct within the
constraints of the exponential approximation) by uL = 102. This demonstrates
that the methods of Sections 4.2.2 and 4.2.3 remain valid in the optically thick

limit.

4.3 THE ADVANCED RADIATION TRANSPORT PROGRAM (RAD/EQUIL)

The entire solution procedure has been programmed for the CDC 6600. A de-
scription of the program has been presented elsewhere (Ref. 51). Typically,
about 30 seconds of computer time are required to calculate the flux from the

boundary of a uniform layer.

42




SECTION 5

APPLICATION OF THE METHOD

A matrix of theoretical predictions has been obtained. These are com-
pared with predictions from other studies in Sections 5.1 and 5.2 and with
experimental data in Section 5.3. Calculations of the radiative transport
through isothermal layers are given in Section 5.4 and through a nonisother-
mal layer in Section 5.5, both as examples of the use of the prediction method.

5.1 COMPARISON WITH OTHER PREDICTIONS OF THERMODYNAMIC VARIABLES

The first set of theoretical predictions is given in Tables VI and VII
and Figure 8. The temperatures and pressures specified in Table VI were used
to predict densities, enthalpies and entropies for comparison with the results
of Gilmore (Ref. 7) and Hilsenrath and Klein (Ref. 52) and mole fractions for
comparison with the results of Armstrong and Scheibe (Ref. 53) and Hilsenrath
and Klein (Ref. 52). The specified conditions of Table VI correspond to den-
sity ratios of 107', 107% and 10~° from Reference 52, and will hereafter be
referred to as the nominal density ratios (p/po(N)). The density ratios agree
to within approximately 1 percent (Table VI), the enthalpies to within approx-
imately 3 percent (Table VII and the entropies to within approximately 2 per-
cent (also Table VII). The mole fractions agree to within 10 percent, gener-
ally (Figure 8), except for 0~ where the results of Hilsenrath and Klein (Ref.
52) appear to be high. Differences of this order can be attributed to the
thermochemical data, the consideration of pressure dependent partition func-
tions (in Ref. 7) and the consideration of nonideal gas effects (in Ref. 52).

TABLE VI
AIR PRESSURES AND DENSITIES

Pressure (atm) (p/p)/ (p/p, (N))
(%) p/0o M) | /0, () | o/0g M) | o/0, () | p/o M) | o/p ()
) =10 = 1072 = 10" = 10"° = 1072 = 107"
8,000 0.0586 0.564 4.915 1.010 1.012 1.012
9,000 0.0676 0.657 6.17 1.008 1.010 1.013
10,000 0.07909 0.747 7.196 1.007 1.009 1.012
11,000 0.0948 0.850 8.115 1.002 1.007 1.011
12,000 0.1161 0.979 9.066 0.997 1.005 1.010
13,000 0.1421 1.140 10.13 0.992 1.000 1.008
14,000 0.1699 1.339 11.35 0.991 0.996 1.005
15,000 | 0.1959 1.568 12.78 0.992 0.992 1.002
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TABLE VII

AIR ENTHALPIES AND ENTROPIES

h/RT S/R
T Present* Hilsenrath Gil Present Hllsenrath
(°K) Calculation | and Klein _}_Tore Calculatlon and Kleln
p/Pg = 16”° (nominal)
8,000 18.03 18.40 60.55 61l.21
9,000 17.78 18.16 62.11 62.82
10,000 18.74 19.07 19.08 64.65 65.35
11,000 21.21 21.40 21.43 68.60 69.19
12,000 24.96 24.95 25.00 73.85 74.24
13,000 29.11 28.92 28.04 79.59 79.79
14,000 32.45 32.23 32.25 84.65 84.81
15,000 34,30 34.14 34,14 88.31 88.52
p/po = 10~ % (nominal)
8,000 le.76 17.14 54.82 55.49
9,000 16.61 17.03 56.35 57.09
10,000 16.40 16.84 16.84 57.62 58.42
11,000 16.78 17.20 17.22 59.30 60.13
12,000 17.90 18.25 18.29 61.62 62.42
13,000 19.74 19.99 20.05 64.62 65.33
14,000 22.11 22.22 22.30 67.13 68.72
15,000 24.66 24.60 ! 24.69 71.83 72.28
p/pO = 10" ! {nominal)
8,000 13.02 13.35 47.18 47.76
9,000 14.80 15.25 50.22 50.95
10,000 15.14 15.63 15.64 51.86 52.67
11,000 15.06 15.56 15.57 52.98 53.85
12,000 15.11 15.60 15.63 54.11 55.02
13,000 15.46 15.94 15.99 55.45 56.39
14,000 16.16 16.61 16.69 57.07 58.00
15,000 17.18 17.57 i 17.69 58.97 59.88
1

65.31
69.10
74.07
79.51
84.39
88.00

58.42
60.11
62.38
65.26
68.60
72.10

52.68
53.85
55.02
56.39
58.02
59.90

*
A correction of 129 Btu/lb has been added to the tabulated enthalpies to correct

for the differences in base state. Also, a value of

was employed in the present study.
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The second set of predictions is presented in Figures 9 and 10 for the
density and temperature ratios, respectively, across normal shock waves in air.
The predictions are compared with data from the study by Lewis and Burgess
(Ref. 54). The differences are approximately 4 percent for the density ratios
and 5 percent for the temperature ratios. These are not inconsistent with the
differences observed previously between the present predictions and those of
Hilsenrath and Klein (Ref. 52), whose data was used by Lewis and Burgress
(Ref. 54).

The final set of predictions of thermodynamic variables is presented in
Figures 11 and 12 for the density and temperature ratios, respectively, across
normal shock waves in a proposed Martian atmosphere (65% CO, . 35% A by volume).
The predictions are compared with data from the study by Heron (Ref. 55). The
differences are approximately 2-1/2 percent for the density ratios and 3 per-
cent for the temperature ratios, both readily attributable to small differ-

ences in the thermochemical data.

5.2 COMPARISON WITH OTHER PREDICTIONS OF RADIATIVE TRANSPORT

The first set of theoretical predictions is given in Figure 13 and com-
pared with the semi-empirical predictions of Morris et.al. (Ref. 48). Three
predictions are presented using the present model - one without an N contri-
bution, one with an N  contribution and a cross section of 8 x 107 7 cm? as
suggested by Norman (Ref. 46), and one with an N contribution and a cross
section of 1.6 x 107*%m® which makes the present predictions agree with the
predictions of Morris et.al. (Ref. 48). While a cross section of 1.6 x 1078
cm® is larger than that of most continuum transitions, it is neither so large
nor so different from the one suggested by Norman (Ref. 46) as to appear to
be unreasonable. However, based on this evidence alone, it cannot be con-
cluded that the present predictions are consistent with those of Morris et.al.

(Ref. 48).

Additional predictions of the nitrogen continuum intensities are given
in Figure 14 and compared with the predictions of Biberman and Norman (Ref.l5)
and with the data of Boldt (Ref. 47) and Morris et.al. (Ref. 48). It is seen
that the present predictions (without N ) are greater than those by Biberman
and Norman (Ref.1l5) by about a factor of two;* likewise, the measurements of

Morris et.al (Ref. 48) are greater than the measurements of Boldt et.al. (Ref.

*In this spectral region, the absorption coefficients used by Biberman and
Norman (Ref.l5) dip below those used in the present study; otherwise, the
agreement is generally very good.
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47) by about a factor of two. Thus, assigning the difference between measure-
ment and prediction to the N  contribution can yield either the rough agree-
ment noted previously or gross differences in the N cross section, depending
on the combinations of measurements and predictions selected. It is also seen
in Figure 15 that the present predictions (without N ) are in fair agreement
with both sets of measurements and that the slopes of all the predictions
(without N~ ) are in good agreement. The agreement in slope is destroyed when
the N contribution is included in the present predictions. Thus, forcing
agreement between the present predictions and the total intensities predicted
by Morris et al. (Ref. 48) decreases the agreement between the predictions and
their spectral data.

In a more recent study, Morris et al. (Ref. 56) measured the continuum
contributions between the atomic lines and molecular band systems to obtain
a frequency dependent cross section for N . The interpretation of their mea-
surements was not unambiguous;* nevertheless, this study considerably strength-
ened the case for an important N contribution. In the numerical work to be
presented subsequently, their cross section is employed when an N contribu-
tion is called out (Figure 13 excepted). When an N contribution is not
called out, it is not included.

The theoretical predictions for air are presented in Figure 15 and com-
pared with the theoretical predictions of Wilson and Greif (Ref. 197} . Their
properties model for the atomic and (positive) ionic species is very similar
to that used in the present study (Ref.ll). However, they did not include
contributions from the molecular species or the negative ions. In addition,
they employ the effective width approach which approximates the contributions
due to the atomic and ionic lines. The resulting predictions (Fig.l5) are in
excellent agreement for the 8§ = 1 cm case except at the lower temperatures
where the molecular contributions are clearly important. For the § = 10 cm
case, -the predictions differ by about 25 - 35 percent, even in the temperature
range where no differences should exist. This difference cannot be attributed
to fundamental differences in either the properties or the transport models.
Molecular contributions are negligible above about T ~ 12,000°K. In addition,
the differences in calculating line effects cannot be responsible as they
would be in the opposite direction. However, Wilson and Greif (Ref. 19) uti-

lize Equation (41) as a convenient approximation to the continuum absorption

—
The overlapped region between the atomic¢ lines of N and O and the bands of
the Ni(l—) band system could have obscured the actual continuum conbribution.
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A

coefficients, rather than the numerical data presented in Reference 11. While
the agreement between the two is generally very good (see Fig. 2), an error
exists in the 1.5 - 4 ev range which is sufficient to cause the differences
observed.

A comparison with the theoretical predictions of air by Biberman et al.
(Refs. 17 and 28) is given in Figure 16. The differences between their prop-
erty data and that used in the present study are not large for the line radia-
tion, both f~numbers and line widths being in good agreement. Further, the
properties used for the molecular species contributions are .from the same source
(Ref. 28). The differences are slightly more appreciable in the case of the
continuum radiation properties. They use Equation (41l) and include a contri-
bution from the N ion. The addition of the N continuum in the 1.5 ev to
4 ev spectral region more than compensates (usually) for the differences be-
tween Equation (41) and the data given in Reference 11. Thus, the fluxes Biber-
man et.al. (Refs.1l7 and 28) predicts are consistently higher than those pre-
dicted in the present study. However, reference to Figure 16 indicates that

the differences are not large.

A comparison with the theoretical predictions of Hunt and Sibulkin (Ref.
9) for pure nitrogen is given in Figure 17. They obtained their molecular
species contributions from Allen (Ref. 57), their continuum radiation from the
tabulations of Sherman and Kulander (Ref. 58), their f-numbers from Kelly
(Ref. 59) and their half widths from Griem (Ref. 18). The tabulations of Sher-
man and Kulander (Ref. 58) are somewhat higher than those used in the present
study (Ref. 1l). None of the data obtained from the other sources is signifi-
cantly different from that used in the present study. Hunt and Sibulkin do
handle the transport slightly differently in that J-splitting is considered
and quasi-static line profiles are used for some of the higher lines. However,
reference to Figure 17 indicates that these differences are not significant as

good agreement exists between the two sets of predictions.

A comparison with the theoretical predictions of Lasher et.al. (Ref. 12)
for hydrogen is given in Figure 18. The classical formulas for f-numbers
and continuum absorption coefficients were used in both studies. However,
Lasher et.al. (Ref,l2)) utilize somewhat different line shapes (Egs. (46)-(48),
only), and they employ the equivalent width approximation. In addition, Lasher
et.al. (Ref.l1l2) are concerned only with the atomic contributions and do not
include contributions from molecular or ionized species. As shown in Figure
18, their model is not applicable at ten atmospheres for the lower tempera=-
tures. However, the two sets of predictions are in good agreement at the lower

pressures.
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5.3 COMPARISONS WITH MEASURED DATA

Predictions of the emission coefficients of shock heated air are given
in Figures 19, 20, and 21 and compared with the measurements of Nerem (Ref. 60)
and Gruszczynski and Warren (Ref. 61). The predictions are in excellent agree-—
ment with the data of Nerem (Ref. 60), but they are slightly lower than the
data of Gruszczynski and Warren (Ref. 61). The basic techniques used in the
two experimental studies are very similar, and the same general range of con-
ditions were covered. It is unfortunate that the two sets of results are not
in better agreement with each other. Nevertheless, the general agreement be-
tween prediction and experiment is felt to be encouraging.

The predicted intensities of air behind a reflected shock wave are given
in Figures 22 and 23 and compared with the measurements of Wood et al. (Ref.
62) . The predictions are in excellent agreement with the measurements for inci-
dent shock velocities less than 7.5 mm/u sec. and are above the measurements
at higher velocities. Golobic and Nerem (Ref. 63) have analyzed a reflected
shock experiment similar to that performed by Wood et al. (Ref. 62) and have
concluded that the radiation losses significantly cool the gases for incident
shock velocities above 7.5 mm/u sec. They present calculated intensities for
the low frequency spectrum (A > 1,700 g) showing the effect of the losses. Ob-
taining their predicted ratios of intensities with radiation losses to those
without losses (as a function of incident shock velocity) and using them to
(approximately) correct the prediction given in Figure 22 yields the dashed
curve and a dramatically improved comparison between prediction and measure-—
ment. Such an effect would obviously affect the total intensities also.
Clearly, this was a rough estimate but it was encouraging in that the present
predictions are not necessarily inconsistent with the measurements of Wood
et al. (Ref. 62).

This concludes the series of comparisons with the work of other inves-
tigators. It is felt that the model has been proven to be a valid one. Sub-

sequent numerical work will be used to illustrate interesting applications.

5.4 APPLICATION TO UNIFORM SLABS

Theoretical predictions for uniform slabs are given in Figures 24 and
25. They show the variation of the fluxes emitted from uniform slabs of air.
The ranges of temperature, pressure and path lengths selected are typical of
those which might be encountered in the stagnation region of a vehicle reenter-
ing from a Junar or planetary mission.
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5.5 APPLICATION TO NONUNIFORM SLABS

To further illustrate applications of the method, a slab with nonuniform
properties was selected and its distributions of flux in space and fregquency
obtained. The variations of the thermodynamic state properties across the
slab are given in Figure 26 where the overall length of the slab (Y5) is 11.4
cm., This variation is typical of that which might be found in the stagnation
region of a vehicle reentering from a lunar mission. Carbon and hydrogen gases
were included as they are usually present due to mass injection from the sur-
face of the vehicle.

The spatial distribution of the radiation species is given in Figure 27.
The molecules reside in a narrow region immediately adjacent to the wall
(y/y6 < 0.01). In this case the region was so narrow that it had essentially
no interaction with the radiation field. A mixing region exists further out
where transition from mainly atomic to mainly molecular species occurs
(0.01 < y/y6 < 0.1). The species in this region tend to emit in the visible
and absorb in the ultraviolet. Note that atomic carbon and hydrogen are pres-
ent in significant quantities. The exterior field(y/y5 > 0.1) consists of
pure air species. In this case, the atomic species dominate with the N con-
tributions being of particular importance.

The spectral distribution of the positive continuum fluxes (directed
toward the wall) are shown in Figure 28, both at the wall and at the edge of
the boundary layer (which is set arbitrarily at y/y6 = 0,.,211) . The peaks in
the wall flux at hv = 1 ev and 3.3 ev are primarily due to emission from the
red and violet CN bands in the boundary layer. There is also a peak in the
boundary flux at hv = 3.3 ev, but this must be attributed to Ng(l—) (a trace
species) emission from the exterior flow region. The ultraviolet contribu-
tions to the boundary flux above 10.8 ev are due to N emission from its
photoionization edges with the flux levels beyond 12 ev being nearly black
body. Note that the wall flux has undergone severe attenuation in the
region hv > 11.5 ev. This is due to absorption by the photoionization
edges of the carbon atoms in the mixing region. Typically, large fractions

of the incident ultraviolet continuum will be absorbed in the boundary layer.

The spectral distribution of the wall flux is presented again in Figure

29, but here the contributions from the line groups are also included.* The

*For this application, the RAD/EQUIL program calculated line fluxes integrated
over the line groups (as discussed in Section 3.2.2), rather than spectral
fluxes. Consequently, the redistribution over the spectrum shown in Figure 29
has been smoothed and employs some artistic license.
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line contribution is extremely important (probably dominant) in the visible
region. Here the line fluxes are substantially higher than those of the
background continuum, viz. bright lines. In the ultraviolet region the lines
contribute a modest addition to the flux in the 9-10.8 ev range. However, in
the 10.8-11.5 ev range the line fluxes are less than the background continuum
fluxes, viz. dark lines, and the total flux to the wall is significantly less
than it would have been if line contributions had not been included. This is
also typical as the ultraviolet lines can be strongly absorbed in nonisothermal

regions.

The energy exchange mechanism between the boundary layer and the exterior
flow is illustrated further in Figures 30 and 31. The spatial variation of
the transmitted fraction of the positively directed total flux and the relative
fractions of its constituents are shown in Figure 30. Thus, the positive flux
undergoes a steady attenuation from m ~ 6 to n ~ 0.75 with the ultraviolet con-
tinuum accounting for the bulk of the loss. For m < 0.75 the loss rate in-
creases noticeably due to line attenuation. The effect is further illustrated
in Figure 31 where the spatial variation of the net flux is shown. The region
6 < n < 0.7 shows that the entering flux is always less than the departing
flux causing radiative cooling. Nearer the wall (n < 0.7) the effect reverses
causing radiative heating. Thus, the following qualitative effects are pres-
ent: (a) the gases near the wall are heated, (b) the gases in the outer re-
gions of the boundary layer are cooled, (c) the emission from the ablated
species in the boundary layer is not sufficient to offset the losses from the
boundary flux by absorption and (d) the boundary flux is attenuated signifi-
cantly (in this case by 25 percent) before it reaches the wall.
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SECTION 6

CONCLUDING REMARKS

A prediction method has been described which can be used to obtain fluxes
or intensities at any specified point within a plane-parallel slab (for the
flux calculation) or at any point on a ray (for the intensity calculation).
While the method was developed for the study of radiation heating phenomena
within the mass injected boundary layer environment, it is not limited to such
studies. Indeed, its primary virtue is its versatility. The only approxima-
tion which is an integral part the method is the bandless model for the
molecular bands. Any of the other aspects of the properties model can easily
be made to include more (or less) detail, allowing important trade-offs to be

made between accuracy and computational effort.

The comparisons presented in Sections 5.1 to 5.3 showed that the present
predictions are in generally good agreement with predictions from other studies.
Comparison with available experiments yielded no additional information as the
inconsistencies between the different sets of experimental data are greater

than are those between the sets of predictions.
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APPENDIX A

THE RADIATIVE PROPERTIES OF SELECTED
MOLECULAR BAND SYSTEMS

The contributions of the C2 and H2 molecular band systems are from
curve fits to radiative data generated with the Patch, Shackleford and
Penner "smeared line model" (Ref. A.1l), employing the f-number and Franck-

Condon factors given in Table A-1l.

TABLE A-1
BASIC DATA FOR C2 AND H2 BAND SYSTEMS
. Band f-number and Franck-Condon
Species System Source Factor Source
C2 Freymark 0.02 from Ref. A.2 Ref. A.4
Fox-Herzberg 0.05 from Ref. A.2 Ref. A.5
Mulliken 0.1 from Ref. A.2 Ref. A.4
H2 Lyman 0.2 from Ref. A.3 Ref. A.6
Werner | 0.4 from Ref. A.3 Ref. A.6
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